The genebank at ICRISAT maintains 8020 accessions of sorghum from 16 West and Central African countries. Geographical gaps and diversity were assessed in the collection. Using the passport data of 3991 accessions for which georeferenced data were available, a total of 386 districts (gaps) located in 11 West and Central African countries were identified as geographical gaps. Burkina Faso with 140 and Nigeria with 118 districts were identified as countries with major geographical gaps. The collection of 43 accessions of wild species represented only three species belonging to Sorghum bicolor ssp. drummondii and ssp. verticilliflorum, S. hevisonii, and S. macrochaeta, highlighting the need for collection missions aimed exclusively at enriching the collection of wild relatives. Accessions having characterization data (7630) were used to assess diversity. The first three principal components contributed to >60% of variation. Maximum diversity was observed in the collection from Nigeria for both qualitative and quantitative traits. Mean values indicated significant differences between basic and intermediate races for the traits studied. Among the races, accessions of guinea-caudatum for qualitative traits and those of caudatum for quantitative traits were highly diverse. The low intensity of the sorghum collection and the many geographical gaps in the collection underline the importance of launching collection missions to fill the gaps, particularly in regions of predominantly guinea sorghums.
Introduction
Sorghum [Sorghum bicolor (L.) Moench] is the fifth most important cereal crop, grown mostly in both temperate and tropical regions of Africa, Asia, Europe, and the Americas. It is a major crop in Africa, with the growing area running across West Africa south of the Sahara through Sudan, Ethiopia, and Somalia. Although the crop is grown mainly for food, fodder, and feed in many countries, it has gained acceptability as a new-generation bioenergy crop owing to its multiple uses and high adaptability to varied agroclimatic conditions. Among biofuel feedstocks, sorghum is of particular interest because its grain and plant parts are used for the production of baked foodstuffs, alcohol, beer, fiber, starch, paper, and syrup. Sorghum grain is gluten-free and serves as an attractive alternative food for those with celiac disease [1] . During 2014, sorghum was grown on an estimated 44.80 million hectares (Mha) globally with a production of 70.83 Mt. [2] . Sudan (8.40 Mha), India (5.80 Mha), Nigeria (5.40 Mha), Niger (3.60 Mha), USA (2.60 Mha) and Mexico (2.00 Mha) were the major countries growing sorghum. In West and Central Africa (WCA), it was grown over an estimated 14. Sorghum exhibits enormous phenotypic diversity and various taxonomic characteristics have been used to identify and assess patterns of this diversity. Landraces have been recognized as important sources of variation for agronomic, nutritional, and climate-related traits and stress tolerance [3] . Diversity loss is becoming more prominent as we face the need to adapt crops to climate change [4, 5] . There is a need to conserve crop genetic resources before we lose them forever, owing mainly to the replacement of landraces with improved cultivars, concomitant natural catastrophes (droughts, floods, fires, etc.), human settlement, overgrazing, climate change, and the destruction of plant habitats for irrigation projects [5] . For a nearly complete assembly of species diversity, a critical assessment of existing collections for their status, duplicates, gaps, and genetic diversity is imperative. Geographic information systems (GISs) such as FloraMap [6] , DIVAGIS [7] , ARCGIS [8] , Maxent [9] , and Remote sensing [10] are very useful for a better understanding of species distributions, crop cultivation, and the representativeness of germplasm collections. Using FloraMap and other GIS software, spatial data, and remote sensing, geographical and taxonomic gaps have been identified in several crops including sorghum [11] [12] [13] [14] [15] [16] . Phenotype-based diversity analysis has been considered [17] as a powerful tool for estimating genetic variation.
The genebank at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), India maintains 39,923 sorghum germplasm accessions from 93 countries, including 8020 accessions from 16 WCA countries. The aims of the present study were to analyze the passport and characterization data of this collection, assess their status and diversity, and identify geographical and taxonomic gaps.
Materials and methods

Collection
Passport and characterization data of the sorghum germplasm collection maintained in the ICRISAT genebank were used. Data were retrieved for 8020 accessions originating in 16 WCA countries and summarized with respect to germplasm collection missions launched, germplasm collected, and biological status of accessions from each country. The cultivated sorghums were classified into five basic races (bicolor, guinea, caudatum, kafir, and durra) and 10 intermediate races (guinea-bicolor, caudatum-bicolor, kafir-bicolor, durra-bicolor, guinea-caudatum, guinea-kafir, guinea-durra, kafir-caudatum, durra-caudatum, and kafir-durra) based on spikelet and panicle morphology. The races are, for the most part, easily identifiable by spikelet morphology alone. Intermediate races involving guinea, for example, have glumes that open partially and seeds that twist noticeably, but not as much as in pure guinea [18] . The geographical distribution of basic races, intermediate races, and wild relatives was assessed.
Identification of gaps
A total of 3991 landraces originating in Benin (100), Burkina Faso (360), Cameroon (651), the Central African Republic (210), Gambia (55) , Ghana (59), Mali (615), Niger (148), Nigeria (1206), Senegal (197) , Sierra Leone (104), and Togo (286) and having georeferenced data were chosen to identify gaps in the collection. FloraMap, a Windows-based GIS software developed at the International Center for Tropical Agriculture (CIAT) in Cali, Columbia, was used to predict the probable sorghum distributions in individual countries [6] . The FloraMap system is based on calculating the probability that a climate record belongs to a multivariate normal distribution described by the climate at the collection points of a calibration set of organisms. With its user-friendly software linked to agroclimatic databases, maps can be created showing the most likely distribution of a species in nature. The basic input needed for the software is the coordinates (latitude and longitude) of collection sites with unique identifiers. Equal weights were allocated to the three climatic variables (rainfall, temperature and diurnal temperature) and an exponential transformation with a power of 0.3 was applied to the monthly rainfall data. Maps showing districts with high (> 75%) probability of sorghum occurrence with few or no collection sites were considered as geographical gaps in the collection. Countries with few accessions having georeferenced data were excluded from the analysis and outliers with erroneous coordinates were validated using site-related information available in the passport database.
Assessment of diversity in the collection
Of the 8020 accessions from the WCA countries, 7630 accessions having characterization data were used to assess diversity. Accessions were characterized in batches of 500-1000 in the rainy (June to November) and post-rainy (October to March) seasons in vertisols at ICRISAT, Patancheru, India (17°30′ N latitude, 78°16′ E longitude and 545 m.a.s.l.) during 1977-2014, when new germplasm was received in the ICRISAT genebank. Each accession was sown in a 4-m row with 75-cm row spacing. The crop was thinned two weeks after planting, leaving about 40 plants 10 cm apart. Fertilizers were applied at the rates of 80 kg ha −1 N and 40 kg ha −1 P 2 O 5 before planting in both seasons. In every year, accessions were grown in an augmented design using systematic checks (IS 2205, an elite germplasm line; IS 18758 and IS 33844, released cultivars) repeated every 20 test accessions. To minimize the possible effects of the environment and other inputs, precision fields (well levelled fields with a uniform gradient and maintained with appropriate soil nutrients and proper irrigation and water drainage) were used for characterization, almost identical sowing dates were maintained, and crops were grown under no stress (spraying for diseases and insect pests, irrigating to mitigate drought, and maintaining weed-free conditions) across the years.
Observations of days to 50% flowering and plant height (cm) were recorded in both rainy and post-rainy seasons, while other traits such as number of basal tillers per plant, panicle exsertion (cm), panicle length (cm) and width (cm), seed width (mm), and 100-seed weight (g) were recorded during the post-rainy season. Qualitative traits such as plant pigmentation, nodal tillers, midrib color, panicle compactness and shape, glume color, glume covering, seed color, seed luster, seed subcoat, endosperm texture, and threshability were recorded following the descriptors for sorghum [19] . Using the qualitative traits, particularly spikelet and panicle morphology, accessions were classified into races and intermediate races [18] . Observations of days to 50% flowering were recorded on a plot basis, whereas the remaining quantitative traits were recorded using five representative plants. Seed width and 100-seed weight were recorded on random seed samples drawn from the accession's plot. Each accession was characterized once and the data obtained were maintained in a database. The characterization database was updated every year with data of new germplasm accessions. Photoperiod and temperature response data were collected as described by Upadhyaya et al. [20] and defined by the differences in flowering during rainy and post-rainy seasons. When an accession took more days to flower in a warm long-day rainy season, it was considered photoperiod-sensitive, requiring short days to flower. When days to 50% flowering were high in the relatively cool short-day post-rainy season, the accession was considered temperature-sensitive, requiring higher temperature for flowering. When there was no difference in days to 50% flowering during the rainy and post-rainy seasons (rainy − post-rainy flowering time = 0 days), the accession was considered insensitive to both temperature and photoperiod.
Data analysis
Frequencies were estimated for each class of 11 qualitative traits for each race and country. Range and means were calculated for all traits of all basic and intermediate races and countries of origin. The means for different traits were compared using the Newman− Keuls procedure [21, 22] . Variances were estimated for all traits and tested using Levene's test [23] . Principal component analysis (PCA) of 10 quantitative traits was performed using GENSTAT 13.1 [24] . The Shannon-Weaver index (H′) [25] is a commonly used diversity index that takes into account both abundance and evenness of species present in the population. H′ was used to measure and compare phenotypic diversity for each of the 11 qualitative and 10 quantitative traits for each race and each country of origin. A low value of H′ indicated lack of genetic diversity in the collection. Using the 'cluster' package of R [26] , pairwise Gower's distance [27] between accessions from the countries was estimated using both qualitative and quantitative traits. 
Results
Status of the collection
Sources of germplasm
A summary of sources revealed that the majority of the samples (5848) were received from research institutes or experimental stations, while 2129 samples from farmer's fields and 43 samples were collected in wild habitats.
Biological status of the collection
The sorghum collection from WCA countries comprises 7630 landraces, 347 breeding materials, and 43 wild accessions ( Table 1 ). All cultivated accessions from Benin, Cape Verde, Cote d'Ivoire, Mali, Mauritania, Sierra Leone, and Togo were landraces. All the five basic (5490) and ten intermediate races (2487) were represented in the collection of cultivated sorghum ( Table 2 ). The race guinea was predominant in the total collection (34%) and in collections from Benin (93%), Burkina Faso (76%), Gambia (82%), Ghana (55%), Mali (68%), Nigeria (39%), Senegal (78%), Sierra Leone (100%), and Togo (83%). Race caudatum in Cameroon (52%), durra in Mauritania (52%), guinea-caudatum in Chad (22%), and durra-caudatum in the Central African Republic (29%) and Niger (22%) were in high proportion. Multiple races were observed in each country with a maximum of 14 races representing the collection from Nigeria, 12 races for the Central African Republic and Mali and 11 for Chad, Ghana and Niger. High racial diversity (H′) was observed in the collection from Chad (H′ = 0.882), Niger (H′ = 0.879) and the Central African Republic (H′ = 0.801) indicating their richness in sorghum races. Forty-three wild accessions originated in 11 countries, belonging to Sorghum bicolor ssp. drummondii (16) and ssp. verticilliflorum (22) , S. hewisonii (1) and S. macrochaeta (1) and three unclassified accessions were found in the collection.
Geographical representation of the collection
A total of 819 geographical sites were represented in 3991 georeferenced accessions. The maximum geographical sites were observed in Nigeria (300), followed by 169 in Mali, 122 in Burkina Faso, 107 in Togo, and 104 in Senegal. Fewer than 100 sites were observed for the other 11 WCA countries. The intensity of collection was estimated by dividing the number of landraces by the number of geographical sites in each country. Intensity of collection was 6.9 samples per The collection is from a wide range of latitudes ranging from 4.33°N (Central African Republic) to 16.38°N (Senegal). Of the 3991 accessions, two were from latitudes ranging from 0°-5°N, 1077 from 5°-10°N, 2823 from 10°-15°N, and 89 from 15°-20°N. The collections from the Central African Republic (6.70°N), Sierra Leone (8.65°N) and Togo (9.40°N) were from mean latitudes lower than 10.00°N, while the collections from all other countries were from mean latitudes above 10.00°N.
Gaps in sorghum collection from WCA
Geographical gaps
Probability maps developed using FloraMap software indicated 386 districts in 11 WCA countries as geographical gaps ( Fig. 1 , Table S1 ). Burkina Faso with 140 gaps and Nigeria with 118 gaps were identified as countries with most geographical gaps and no gaps were found in the collection from Togo. All other countries accounted for fewer than 30 gaps. However, the size of a gap depends largely on the size of the district.
The geographical sites in each country revealed one geographical site per average area of 17,966 ha sorghum cultivation in WCA countries [2] . Similarly, one site represented 5789 ha in Chad, 4055 ha in Niger, 3758 ha in Nigeria, 2841 ha in Burkina Faso, 2742 ha in Mauritania, 1736 ha in Mali, 1566 ha in Ghana, 1065 ha in Togo, 525 ha in Senegal, 515 ha in Benin, 495 ha in Gambia, 320 ha in Cameroon, 294 ha in Sierra Leone, and 191 ha in the Central African Republic. Countries with large (> 100 ha) areas under sorghum cultivation per geographical site may be considered as gaps and further explored to enrich the sorghum collection for diversity.
Taxonomic gaps
The genus Sorghum, comprising 22 species, offers wide variation for genetic crop improvement [18, 31] . The WCA collection of wild relatives in the ICRISAT genebank consists of only three species: S. bicolor ssp. drummondii and ssp. verticilliflorum, S. hewisonii, and S. macrochaeta, with poor representation of wild species (Table 2) . Among the countries, Chad and Nigeria were represented by two species each and all other countries by only one species. In contrast to collection of cultivated germplasm, problems during collection missions for wild species include a lack of information on species distribution, plant identification, and times of collection and maturity. In addition, almost all past collection missions launched by ICRISAT and its collaborators were targeted at cultivated sorghums, resulting in a poor representation of wild relatives in the world collection. This situation calls for the launching of germplasm collection missions aimed exclusively at sorghum wild relatives. Cameroon. Accessions of all races produced > 90% pigmented plants, except kafir, in which 75% accessions had pigmented plants. Guinea-caudatum (7.6%), guinea-durra (4.8%), and bicolor (3.1%) were found to be good sources of tan plants.
3.3.1.2. Nodal tillering. In the entire collection from the WCA countries, 80% of the accessions produced basal tillers. All accessions from Mauritania and Sierra Leone and > 60% of the accessions from all other countries, except, Benin, Mali and Togo, produced basal tillers. Over 65% of the accessions from Benin, Mali and Togo lacked basal tillers. High proportions of accessions belonging to race bicolor (80%), guinea (64%), caudatum (95%), durra (88%), guinea-bicolor (87%), caudatum-bicolor (85%), durra-bicolor (81%), guinea-caudatum (85%), guinea-durra (81%), and durra-caudatum (85%) produced basal tillers.
3.3.1.3. Midrib color. Three midrib colors (dull green, white and yellow) were found in the collection. White midrib was found in high proportion (93%), followed by dull green (6.6%) and yellow (0.4%). Accessions from Niger (15%), Nigeria (11%), Chad (10%), and Ghana (10%) with dull green midrib and those from Mauritania (1.6%), Senegal (1.3%), and Mali (1.2%) with yellow midrib were the most important sources. Over 80% of the accessions of all races produced white midribs. Among the races, dull green midrib was considerable in race bicolor (17%), caudatum-bicolor (14%), guinea-caudatum (13%), durra (11%), and durra-bicolor (10%) and 2% of durra accessions produced yellow midribs.
3.3.1.4. Panicle compactness and shape. Ten panicle types (compact elliptic, compact oval, loose-drooping branches, loose-stiff branches, semi-compact elliptic, semi-compact oval, semi-loose drooping branches, semi-loose stiff branches, very loose drooping branches, and very loose stiff branch type) were found in the collection with the predominance of semi-loose stiff branched type (32%) followed by semi-compact elliptic (28%). All other panicle types accounted for <10% of the collection.
Collections from Benin, Gambia, Mali, Nigeria, and Sierra Leone for loose-stiff branches; Cameroon and Mauritania for semi-compact elliptic panicles and Burkina Faso, the Central African Republic, Chad, Ghana, Niger, Senegal, and Togo for semi-loose stiff branches were predominant. Accessions belonging to guinea and guinea-bicolor for loose-stiff branched panicles; caudatum, kafir, durra and durra-caudatum for semi-compact elliptic panicles and bicolor, caudatum-bicolor, durra-bicolor, guinea-caudatum, and guinea-durra for semi-loose stiff branched panicles were predominant. The durra race was an important source for compact-elliptic (25%) and compact-oval (4%) types of panicles.
3.3.1.5. Glume color. Twelve glume colors (black, brown, light brown, light red, partly straw and brown, partly straw and purple, purple, red, reddish brown, straw, white, and yellow) were observed in the collection. Black glume accessions were predominant (38%). In Sierra Leone, red glumes were in high proportion (30%). All races, except durra-bicolor and guinea-durra had black glumes, while durra-bicolor and guinea-durra were important sources of straw glumes.
3.3.1.6. Glume covering. Five types of glume covering (grain uncovered, one-fourth grain covered, half grain covered, three-fourth grain covered, and grain fully covered) were observed in the collection. One-fourth grain covering was predominant (53%) in the collection. The accessions from Gambia (51%), Senegal (42%), and Sierra Leone (97%) were good sources for uncovered grains. Among the races, bicolor for fully covered grains; durra, guinea-caudatum, guinea-durra, and durra-caudatum for half covered ones; guinea, caudatum, guinea-caudatum, and durra-caudatum for one-fourth covered ones; and guinea-bicolor, caudatum-bicolor, and durra-bicolor for three-fourth covered grains were predominant sources.
3.3.1.7. Seed color. Twelve seed colors (brown, chalk white, grey, light brown, light red, purple, red, reddish brown, straw, white, white and red mixed, and yellow) were observed in the sorghum collection. Twenty five percent of the total collection was white-seeded followed by straw (19%) and light red (16%) seeds. Among the countries, Benin for light red seeds, Burkina Faso, the Central African Republic and Mauritania for straw color seeds, and Cameroon, Gambia, Ghana, Mali, Niger, Nigeria, Senegal, Sierra Leone, and Togo for white seeds, were the important sources. Among the races, bicolor for brown seeds; guinea, guinea-bicolor, guinea-caudatum and durra-bicolor for white seeds; caudatum for reddish brown seeds; kafir, durra, and guinea-durra for straw color seeds; and durra and durra-caudatum for yellow seeds were important sources.
3.3.1.8. Seed subcoat. A high proportion of the collection (72%) lacked a seed subcoat. Over 50% of the accessions in all the countries were without subcoat and 50% of the accessions of all races except caudatum, lacked a subcoat. A high proportion (75%) of accessions in caudatum produced seeds with subcoat.
3.3.1.9. Seed luster. Over 65% of the accessions from each country, except Cameroon, produced lustrous seeds. Over 50% of the accessions belonging to all races, except caudatum, had lustrous seeds and 78% of the accessions of race caudatum had non-lustrous seeds. 3.3.1.12. Phenotypic diversity. The Shannon-Weaver index (H′) for each country and race is presented in Table 3 . The H′ values varied for traits among countries and races. Mean diversity over all countries varied from 0.029 ± 0.046 for plant pigmentation to 0.783 ± 0.112 for seed color. Mean diversity over traits ranged from 0.199 ± 0.251 in Sierra Leone to 0.419 ± 0.272 in Nigeria. Diversity was high for plant pigmentation in the collection from Sierra Leone, for nodal tillering in Ghana, for midrib color and glume covering in Niger, for panicle compactness and shape in Nigeria, for glume color in Togo, for seed color, seed luster, and seed subcoat in Cameroon, for endosperm texture in Burkina Faso, and for threshability in Chad. The lowest diversity for nodal tillering, midrib color, panicle type, glume covering, seed color, seed luster, seed subcoat, and endosperm texture was observed in the collection from Sierra Leone. Mean diversity over the races ranged from 0.048 ± 0.072 for plant pigmentation to 0.719 ± 0.161 for seed color (Table 3) . Mean diversity over traits varied from 0.208 ± 0.137 in kafir-caudatum to 0.409 ± 0.253 in guinea-caudatum. Among the basic races, diversity was high for plant pigmentation and midrib color in kafir, for panicle compactness and shape in durra, for seed color in caudatum, and for threshability in bicolor. Among intermediate races, guinea-bicolor for glume color and glume covering, guinea-caudatum for seed luster and seed subcoat, guinea-durra for endosperm texture, and kafir-caudatum for nodal tillering were highly diverse. Diversity was low in kafir-caudatum for plant pigmentation, midrib color, panicle compactness and shape, glume color, glume covering, seed color, and endosperm texture. (Table 4 ). The collection varied widely: from Mali for days to 50% flowering in the rainy season; from Nigeria for plant height in the rainy season and seed width; from Senegal for panicle exsertion and panicle width; and from Sierra Leone for basal tillers per plant. Some accessions from Niger and Nigeria flowered early in both seasons (< 50 days), those from Cameroon flowered late and grew tall in the post-rainy season with long panicles and large seeds. Important sources were the collection from Mali for very late flowering in the rainy season and broad-seeded accessions, Mauritania for short plant height in the post-rainy season, Nigeria for tall plant height in the rainy season (650 cm), Senegal for high panicle exsertion and stout panicles, and Sierra Leone for more basal tillers per plant and smaller seeds.
Accessions of race durra for larger seeds and guinea for all traits except 100-seed weight varied widely (Table 4) . Low variation was observed in kafir-caudatum for all traits. Sources of early flowering (< 50 days) during the post-rainy season were observed in guinea, caudatum, durra, guinea-bicolor, caudatum-bicolor, durra-bicolor, and durra-caudatum. Accessions of guinea-caudatum, durra-caudatum, and caudatum-bicolor were identified as good sources for early flowering (< 50 days) during the rainy season. Accessions of guinea were late-flowering and tall in both seasons, and produced more basal tillers, high panicle exsertion, long and stout panicles, and larger seeds.
Mean values for different traits revealed that the collection from the Central African Republic and Niger flowered significantly early in the rainy season and that of Gambia and Niger in post-rainy seasons (Table 5) . Accessions from Sierra Leone flowered significantly late in both seasons, and produced more basal tillers and longer panicles. The collection from the Central African Republic grew significantly shorter (323 cm) in the rainy season and taller in the post-rainy season (310 cm) when compared to the collections from other countries. The collection from Gambia for panicle exsertion and panicle width, Nigeria for seed width and Cameroon for 100-seed weight differed significantly from other collections.
Mean values for various traits of sorghum germplasm belonging to various races indicated that accessions of kafir-caudatum flowered significantly earlier than those of the other races and produced smaller seeds (Table 5 ). Race guinea flowered significantly late in the post-rainy season, grew tall in both seasons and produced long and stout panicles compared to other races. Among all races, accessions of kafir were short with low panicle exsertion and small panicles than other races. Guinea-bicolor flowered significantly late in the rainy season, grew tall in both seasons, and produced long panicles and broad seeds. No significant differences were observed among the races for basal tillers per plant and panicle exsertion. Levene's test of significance revealed significant variances for all the traits under study, revealing high heterogeneity for all traits in the collection under study.
Principal component analysis (PCA). PCA was per-
formed using standardized data of ten quantitative traits. The first three principal components (PCs) explained 67%, 69%, and 61% of the total variation in the entire collection, collection of basic races, and intermediate races, respectively. The first PC accounted for 33%, second 21%, and third 12.6% of variation in the entire collection; 34.8%, 21.9%, and 12.3% in basic races; and 26.6%, 19.8%, and 14.2% in intermediate races. (Table 6) . Mean H′ over traits ranged from 0.524 ± 0.100 in Sierra Leone to 0.604 ± 0.052 in Nigeria. Diversity was high for days to 50% flowering in the rainy season in the collection from Burkina Faso, for days to 50% flowering and plant height in the post-rainy season in Nigeria, for plant height during the rainy season in Cameroon, for number of basal tillers per plant in Sierra Leone, for panicle exsertion and seed width in Niger, for panicle length in Mali, for panicle width in the Central African Republic, and for 100-seed weight in Chad.
Mean H′ over races ranged from 0.430 ± 0.093 for number of basal tillers per plant to 0.587 ± 0.071 for 100 seed weight ACC, no. of accessions; FR, days to 50% flowering-rainy; FP, days to 50% flowering-post-rainy; HR, plant height (cm)-rainy; HP, plant height (cm)-post-rainy; BT, basal tillers per plant, PE, panicle exsertion (cm); PL, panicle length (cm); PW, panicle width (cm); SW, seed width (mm); WT, 100-seed weight (g). a Countries and races represented by <5 accessions were excluded from the analysis.
( Table 6 ). H′ over traits ranged from 0.336 ± 0.094 in kafir-caudatum to 0.596 ± 0.047 in caudatum. Race bicolor showed high diversity for plant height in the rainy season, basal tillers per plant, panicle exsertion and panicle length and those of durra for days to 50% flowering in the post-rainy season. Among the intermediate races, diversity was high for panicle width in guinea-bicolor, for days to 50% flowering during the rainy season in durra-bicolor, for plant height during the post-rainy season, for seed width, and 100-seed weight in durra-caudatum.
3.3.2.5. Photoperiod and temperature sensitivity. Accessions flowered early and grew short during short-day post-rainy season in comparison with the long-day rainy season. Data recorded for differences in days to flowering during the rainy and post-rainy seasons indicated 92.0% accessions as photoperiod-sensitive, 7.5% as temperature-sensitive, and only 0.5% as insensitive. Over 60% of the accessions from all the countries except Gambia and Sierra Leone exhibited photoperiod sensitivity. All the accessions from Gambia and Sierra Leone exhibited photoperiod sensitivity. Thirty four percent of the accessions from Burkina Faso were temperature-sensitive, followed by Ghana (17.9%) and Mali (17.3%). Eight countries had no representation for insensitivity. Eight accessions from Mali were found to be good sources of insensitivity to photoperiod and temperature. Among the races, 14 accessions of guinea showed insensitivity.
Discussion
Data quality
Ecogeographic studies are important for targeted and effective conservation strategies for plant genetic resources [32] . Globally, though many genebanks have large collections, sizeable gaps have been identified in the ex situ collections of many major crops including sorghum using GIS tools [11] [12] [13] [14] [15] [16] [33] [34] [35] . In the present study, 386 geographical gaps in 11 WCA countries were identified. In gap analysis, it is crucial that the coordinate data be of high quality for precise inference. There is no standard in terms of the minimum number of georeference points required, as this relates to the nature of the species. A 30% prediction success using Bioclim ACC, no. of accessions; FR, days to 50% flowering-rainy; FP, days to 50% flowering-post-rainy; HR, plant height (cm)-rainy; HP, plant height (cm)-post-rainy; BT, basal tillers per plant; PE, panicle exsertion (cm); PL, panicle length (cm); PW, panicle width (cm); SW, seed width (mm); WT, 100-seed weight (g). a Means were tested using Newman-Keuls Test, values followed by different letters differ significantly at P = 0.05. ⁎⁎ Countries and races represented by <5 accessions were excluded from the analysis.
[36], a GIS tool, with ten samples increased to over 80% when 75 samples were used [37] . In the present study, considerable number of accessions had coordinates and > 25 geographical sites were observed in individual countries except Ghana, which was represented by 59 accessions collected at nine sites, facilitated the precise mapping of geographic distribution of accessions conserved at ICRISAT genebank and prediction of sorghum occurrence with high probability (> 75%). Thus, exploring the geographical gaps (386 districts) by collecting germplasm would be very useful for filling gaps in the world collection of sorghum from WCA countries maintained in the ICRISAT genebank.
Representation of existing collection
A low intensity of sorghum collection was observed in most of the WCA countries. Actual geographical collection sites (819) and the area under sorghum cultivation (14.71 Mha) during 2014 indicated only one geographical site per average of 17,966 ha of sorghum cultivation in WCA countries [2] . One geographical site per > 1000 ha of sorghum cultivation was observed in most of the individual WCA countries. Countries with larger areas under sorghum cultivation per geographical site and fewer samples collected per geographical site (< 2 samples per site) may be further explored. Sorghum can be grown well under contrasting climatic conditions, up to 40°o f latitude on either side of the equator [38, 39] . The collection studied was from latitudes ranging from 4.33°N to 16.38°N and is expected to be adaptable to diverse climates. Out of 1077 accessions originating in the lower latitudes (5°-10°N), a high proportion (57%) of accessions belong to race guinea, and were identified as a good source of overall variation, as they flowered late, grew tall, and produced many basal tillers.
Diversity in the collection
Africa being the primary center of sorghum diversity, large variation was observed in the collection studied [40, 41] . Variances for all traits indicated significant differences among the accessions. Mean diversity (H′) for qualitative traits ranged from 0.199 ± 0.251 in Sierra Leone to 0.419 ± 0.272 in Nigeria. Probably because of the extensive natural and human selection for adaptability to high rainfall conditions, sorghum collected from Sierra Leone may explain the lowest diversity for most of the qualitative traits. H′ was high for the collection from Chad (H′ = 0.882) followed by Niger (H′ = 0.879) and the Central African Republic (H′ = 0.801) indicating the richness of sorghum races in these countries. High racial diversity in the sorghum collection from Niger and the predominance of race guinea in collections from other West African countries was observed [17, 42, 43] . Interestingly, all the accessions from Sierra Leone belong to race guinea, which has been reported to be a rich source of resistance to leaf diseases and grain weathering, high tillering, and small seed with protein-rich corneous endosperm [29, 44, 45] . Highly corneous seeds of guinea race have been reported in the sorghum collection from Nigeria [29] . Mostly, the large-seeded types are grown in the drier zone and the very small-seeded types in the wettest zones [18] . Thus, there is a need to evaluate systematically the entire collection from Sierra Leone and also that of race guinea, to identify promising sources for use in sorghum improvement. Phenotypic diversity is the result of adaptive responses to the environment [46] . The distribution of traits is attributed to the specific climatic conditions in different regions, which may in turn lead to different evolutionary pathways [17] . The majority of traits are not conspicuously unique to any single region. This could be attributed to gene flow as farmers move seed from one place to another. The predominance of some phenotypic classes in an area may indicate the adaptive role of traits. Human intervention through selection for desired types is another reason for the diversity observed.
Importance of sorghum from WCA
Biotic stresses such as shoot fly, downy mildew, anthracnose, leaf blight, and rust are important diseases causing considerable losses in sorghum. Pathologists, entomologists, and biochemists at ICRISAT, Patancheru evaluated limited and varying numbers of accessions including those from WCA countries, during 1974-2012, for grain mold, anthracnose, downy mildew, rust, leaf blight, ergot [47] , shoot fly, and seed protein using standard methods. Such evaluations revealed the importance of sorghum collections from WCA countries. Twenty nine per cent of the accessions for shoot fly, 6% for anthracnose, and 7.7% for leaf blight from Cameroon accessions have shown resistance. Similarly, 23% of accessions from Chad have shown resistance (< 10% disease severity) for downy mildew, 42% from Ghana for grain mold, 15% from Nigeria for shoot fly during the post-rainy season, and 11% from Senegal for rust. Nutritionally, 31% of the 61 accessions from Senegal that were evaluated for seed protein content had >12% seed protein. Other important source countries for accessions with high seed protein content are Gambia (21%) and Mali (17%). A high proportion of accessions from Niger (25%), Nigeria (23%), and Cameroon (23%) were good sources for high seed lysine content.
Reports of past germplasm collections have revealed the cultivation pattern of sorghum and its importance in different WCA countries [28] [29] [30] . When the Urd, Mac Carthy Island division, North Bank division, Lower River division, and Western division in Gambia were explored, most of the sorghums from Gambia were of guinea type [28] . The collections RC 015 (IS 23626) and RC 073 (IS 23664) in Gambia are reported to be promising for drought tolerance and RC 093 (IS 23674) for high stalk sugar [28] . Kaura, Fara-fara, and guinea sorghums, which were considered as good sources of drought tolerance and yellow endosperm, were found predominantly in Sudan savanna, Northern Guinea savanna, and Jos Plateau [29] . The guinea sorghum, a West African race considered as an important source for corneous endosperm, resistance to insects (particularly stem borer), diseases, and grain weathering, and storage quality, was grown mostly in Sub-Sudan savanna [29] . Evaluation of the entire sorghum collection from Sudan savanna and Sub-Sudan savanna for drought tolerance may be very useful for identifying promising sources. It is reported that the Sahel region with low rainfall is dominated by drought-resistant millet and sorghum [48] . Some cultivars of race guinea are remarkably tolerant to flooding [49] . The predominance of guinea-caudatum in Nigeria, Chad, and Sudan and conspicuums in Sub-Sudan and Sudan-Savanna zone is also reported [18] . IS 3924 from Nigeria and IS 15401 and IS 15845 from Cameroon were directly released as cultivars in India and Mali respectively, indicating the superiority of the germplasm [41] .
Taxonomic gaps
The genus sorghum comprises about 22 species including S. bicolor, a cultivated species, and most of them are useful sources of high levels of resistance to various stresses. For example, 36 potentially new sources of resistance for downy mildew were reported for wild and weedy sorghums [50, 51] . S. versicolor and S. purpureosereceum were reported to be immune to shoot fly infestation [52, 53] . It is important to fill taxonomic gaps in germplasm collections. The wild relatives collection from WCA countries in the ICRISAT genebank consists of only three species, S. bicolor ssp. drummondii and ssp. verticilliflorum, S. hewisonii and S. macrochaeta. Accessions of S. hewisonii (1 accession) and S. macrochaeta (1 accession) are in negligible numbers. Among the countries, Chad and Nigeria accounted for two species each and all other countries accounted for one species each. S. bicolor subsp. drummondii and subsp. verticilliflorum were collected in 11 countries, S. hewisonii in Nigeria and S. macrochaeta in Chad, indicating major taxonomic gaps in the collection. A wide distribution of subspecies verticilliflorum in Africa is reported [17] .
Genetic erosion
Genetic erosion of traditional cultivars has been reported in rice [54] , soybean [55] , and cassava [56] . A drop in use of landraces over decades has been reported for many crops [4] . In contrast to these results, farmers in Niger clearly perceived an increase in the number of varieties managed per village between the 1970s and the 2000s [42] . An increased number of sorghum landrace names between 1960 and 2000 was noted in eastern Ethiopia [57] . These results show that farmers' management can preserve the diversity of sorghum varieties in Niger and in other countries despite recurrent and severe drought periods and major social changes.
Conclusions
In view of the rapid genetic erosion in sorghum, new landraces evolving over a period, and poor representation of wild relatives, and given the importance of races (guinea) and trait-specific sorghums in WCA countries, there is an urgent need to explore gaps identified in this study. The range of variation for different traits in the WCA collections suggests that the gaps identified in Niger and Nigeria for early flowering (< 45 days), extreme height (650 cm), and high tillering (up to 12 tillers); in Cameroon for late flowering, tallness, long panicle, and large seed; in the Central African Republic for short stature; in Mali for late flowering during the rainy season; and in Senegal for highly exserted panicles, need to be explored for trait-specific germplasm. Collecting more sorghums belonging to race caudatum and caudatum-bicolor for early flowering, durra for larger seed, durra-caudatum for short height, guinea sorghums for late flowering, tallness, high tillering, and highly exserted panicles is needed for trait-specific diversity. ICRISAT has not launched any collection mission exclusively targeting wild sorghums and trait-specific germplasm. Photoperiodinsensitive late-maturing accessions are useful in developing fodder varieties of sorghum. Early-maturing insensitive accessions identified in this study need further testing before they are used in breeding photoperiod-and temperatureinsensitive varieties for wider adaptation and for multiple cropping. Priority may be given to exploring Nigeria, a rich source of overall diversity for qualitative and quantitative traits, to enrich the world collection for diversity. Accessions IS 30642 and IS 30643 from Cameroon, IS 34974 from the Central African Republic, and IS 27701 from Sierra Leone showing Gower's distance of 0.000 indicating similarity, need further studies to identify duplicates by genotyping. The gaps identified in the current study may be prioritized for collection depending upon the threat to diversity, availability of resources, and accessibility to the target region, in consultation with local government officials, National Agricultural Research Systems (NARS) scientists, extension officers, and non-governmental organizations. It is important to collect information related to samples, including georeference data facilitating future mapping efforts. The collection described in this paper can be obtained following the Standard Material Transfer Agreement (SMTA) of the International Treaty on Plant Genetic Resources for Food and Agriculture (ITPGRFA) and passport and characterization data can be accessed through http://genebank.icrisat.org/.
Supplementary data for this article can be found online at https://doi.org/10.1016/j.cj.2017.07.002.
